Three constitutive forms of superoxide dismutase activity have been demonstrated in the cyanobacterial marine picoplankter Synechococcus sp. WH 7803 using polyacrylamide gel activity staining techniques. A protein which gave a positive non-haem iron stain on native polyacrylamide gels exhibited N-terminal similarity to both the iron superoxide dismutase and the manganese superoxide dismutase of Escherichia co& The metal prosthetic group of each of the three activity bands was characterised by analysing their differential sensitivities to 5 mM H,O,, 2 mM cyanide and 2 mM of the copper chelator diethyldithiocarbamate.
Introduction
Synechococcus sp. WH 7803 is a free-living phycoerythrin-containing unicellular marine photosynthetic cyanobacterium
[l] and a component of the marine picoplankton [2] which are considered to be responsible for up to 30% of oceanic primary productivity in temperate regions [I] . Synechococcus spp. are present throughout the euphotic zone of the * Corresponding author. Tel.: f44 (1203) 523 526: Fax: +44 (1203) 523 701; E-mail: nm@dna.bio.warwick.ac.uk water column and are exposed at one time or another to environmental stresses such as various nutrient limitations [3] and high surface irradiance intensities of up to 2000 PE m-' s -'. Both conditions result in energy production from photosynthesis transiently exceeding metabolic demand, which in turn leads to the formation of highly reactive oxygen species such as singlet oxygen (Oi), superoxide (0;) and hydroxyl radicals. Superoxide dismutase (SOD) is central to preventing the formation of the highly reactive hydroxyl radical by scavenging superoxide before it comes into contact with hydrogen peroxide (for review see [4] I] . Although the function of the prokaryotic Cu/ZnSOD is poorly understood, its location within the periplasm would suggest that it may play an analogous role to that of eukaryotic Cu/ZnSODs by dismuting external sources of 0; [9] or in protecting the cell envelope function by stabilisation of outer membrane lipopolysaccharide [ 121. Our interest in superoxide dismutase originates from research requiring the identification of iron acquisition and storage proteins. The identification of specific proteins involved in iron acquisition and storage within marine Synechococcus spp. has importance due to the possible limitation of oceanic primary productivity by this element [13] . In the course of looking for a non-haem iron storage protein, we identified a positive band, of approx. 60 kDa on native 4-30% (w/v> PAGE. N-terminal amino acid sequence (AHTLPALPYALDALAE) of the corresponding 24 kDa denatured subunit protein showed significant identity over 15 amino acids from the N terminal sequences of FeSODs from Escherichia coli (73%), Photobacterium leiognathi (66%) and Anucystis niduluns (53%) [8, 14] and 73% and 66% identity over 15 amino acids from the N-terminal sequences of MnSODs from E. coli and P. boryanum, respectively 181. Such extreme conservation between the two SOD groups is not surprising as both exhibit extensive similarity in their primary sequences and secondary structure [ 151. To confirm and extend the results obtained from N-terminal sequencing, SOD activity staining was performed with soluble cell protein fractions resolved on 4-30% (w/v) native PAGE gels.
Materials and methods

I. Growth of Synechococcus sp. WH 7803
Synechococcus sp. WH 7803 was grown photoautotrophically in artificial sea water medium (ASW) [16] at 25°C with constant aeration and mixing. Ferric chloride and EDTA were omitted from ironlimited medium. When copper or zinc salts were omitted from the medium the deionised, carbon filtered water used for medium preparation was also passed down a Chelex-100 column (Bio-Rad) to remove any contaminating traces of these metals and cultures were grown in polycarbonate bottles. Cells were harvested and washed in growth medium containing neither copper nor zinc prior to inoculation into the appropriate growth medium.
SOD extraction procedure
Sedimented Synechococcus sp. WH 7803 (ca. 200 mg wet weight) from 1 1 cultures were suspended in 4 ml ~01s. of SOD extraction buffer (20 mM Tris-HCl pH 8, 2 mM phenylmethylsulfonyl fluoride, 5 mM HgCl? , 5 mM diazoacetyl-DL-norleucine methyl ester, 5 mM copper acetate, 100 mM EDTA) and disrupted in a cooled Braun homogeniser using 0.11 mm glass beads for 5 min. The cleared cell lysate from a low speed centrifugation step was recentrifuged at 53 370 X g for 30 min at 4°C. The soluble cell protein fraction was stored in the long term at -20°C or at 4°C for up to I week. The resulting pellet was resuspended in a small volume of SOD extraction buffer containing 2% (v/v) Triton X-100 and mixed on a rotating platform for 30 min at 25°C. The Triton soluble internal membranes were recovered in the supematant after centrifugation at 53 370 X g for 30 min at 4°C.
Gel electrophoresis and uctiuity staining
Soluble cell protein samples were electrophoresed on 4-30% (w/v) native polyacrylamide gels (PAGE) and stained for superoxide dismutase activity as described previously [ 171. Hydrogen peroxide inactivation of enzyme activity was determined by adding 5 mM H,O, to the developing solution, and cyanide inhibition by soaking gels in 2 mM KCN for 15 min prior to activity staining. Treatment with the hydrophobic copper chelator dithiodiethylcarbamate (DDC) required immersion of the gels in a 2 mM solution of DDC for 15 min [18] . These enzyme activity studies on polyacrylamide gels were carried out using E. coEi FeSOD (Sigma) and pea chloroplast crude extract (D. Robinson, University of Warwick) containing Cu/ZnSOD as positive controls.
Results and discussion
Three distinct activity bands were observed on 4-30% (w/v) native PAGE gels (Fig. 1, track 31 , where the putative FeSOD has a slightly higher apparent molecular mass than the other two bands. Conventionally, superoxide dismutase enzymes have been distinguished on the basis of their sensitivity to various chemicals [18] . For example, the FeSOD enzyme activity has been shown to be inactivated in the presence of hydrogen peroxide while Cu/ZnSOD was inactivated by hydrogen peroxide and inhibited by potassium cyanide (KCN), whereas MnSOD activity is affected by neither. The hydrophobic copper chelator DDC has also been used to inactivate Cu/ZnSOD by removal of the copper required for enzyme activity from the active site. Using these criteria we have identified the metal prosthetic group of two of the three discrete SOD activities. Enzyme activity 1 was inactivated only in the presence of 5 mM H,O, (Fig. 1, track 4) . This result is in accordance with the positive non-haem iron staining and shows this to be a FeSOD species. Enzyme activity 2 was sensitive to 5 mM H,O, (Fig. 1, track 41, 2 mM  KCN (Fig. 1, track 8 ) and 2 mM DDC (Fig. 1, track  9) , the characteristic properties of a Cu/ZnSOD. Although enzyme activity 3 showed the same sensitivity as enzyme activity 2 to both 5 mM H,O, and 2 mM DDC (Fig. 1, tracks 4 and 91, there was still activity present in the 2 mM KCN-soaked gel (Fig.  1, track 8) . However, enzyme activity 3 is markedly diminished in comparison to the untreated (Fig. 1,  track 3 ) and negative control tracks (Fig. 1 , tracks 2 and 7) suggesting that it is KCN sensitive. Therefore, at this time it is reasonable to conclude that enzyme activity 3 may also be a conventional Cu/ZnSOD. Until recently, Cu/ZnSODs were believed to be present only in eukaryotes, but now periplasmic Cu/ZnSODs have been identified in several bacterial species [9] , though none, until now, had been identified in a cyanobacterial species. The previous inability to detect an E. coli Cu/ZnSOD species was due to reasons ranging from low periplasmic abundance to thermal lability and the pH running conditions of the preparative polyacrylamide gels 19,181. The constitutively expressed enzyme activities 1, 2 and 3 from Synechococcus sp. are heat stable up to 40°C and can easily be seen on activity stained PAGE gels. These attributes make identifica- tion of these enzymes on activity stained gels much easier than for E. coli. Even so, the protein abundance of enzyme activities 2 and 3 within the cell is far lower than for enzyme activity 1 and despite much effort, protein purification of both species has proved difficult. In addition, all three enzyme activities are present in gels containing the Triton X-100 soluble membrane fractions (data not shown). This suggests a lack of compartmentalisation of the SOD enzymes into either the membrane or cytoplasmic fractions as has been previously described for freshwater cyanobacteria, and there is no evidence to show that an inducible MnSOD enzyme is present in this strain.
Since Fe, Zn and Cu are elements that are potentially limiting in oceanic waters, they may influence picoplankton production in areas where there is an abundant supply of macronutrients but chlorophyll concentrations are low. For this reason, the SOD activities were examined after growth under different nutrient regimes. Iron-depleted cells did not exhibit any immediate effect of altered SOD enzyme activity. Soluble cell protein samples from cultures growing in medium without any added Zn exhibited a decrease in the intensity of the putative Cu/ZnSOD enzyme activities 2 and 3 in comparison to the control. The same result was observed in the absence of Cu in the growth medium. However, in this case, enzyme activity 2 was more markedly reduced in comparison to enzyme activity 3. This is similar to that seen for KCN sensitivity (Fig. 1, track 8 ) and may be due to enzyme activity 3 having a general stronger intensity on the gels than enzyme activity 2 (see Fig. 1, track 3 ). Both enzyme activities 2 and 3 were reduced when cultures were grown in the absence of Cu or Zn suggesting the importance of both these metals in maintaining the enzyme activity of these two SOD forms. Enzyme activity 1 was not affected by any of the treatments.
In comparison to freshwater cyanobacteria, three constitutively expressed forms of SOD are present in this marine Synechococcus species and all three types appear to be located in both the soluble cytoplasmic and membrane fractions. Enzyme activity 1 is most likely a FeSOD species and enzyme activity 2 a Cu/ZnSOD species. Although the metal centre of enzyme activity 3 is not known, the activity gel staining results from both KCN treatment and Cu/Zn removal from the growth medium are the same, but not as sensitive, as those for enzyme activity 2. This suggests the presence of a second conventional Cu/ZnSOD species in this strain. Despite the microelement perturbations to the growth medium showing slight alterations in SOD enzyme activity, there were no changes in enzyme activity as a result of subjecting growing cultures to increased light intensity for a 6 h period. This may indicate a requirement of a constitutively high activity of all these enzyme species in this organism at all times.
